Aims/hypothesis Loss of the trophic support provided by surrounding non-endocrine pancreatic cell populations underlies the decline in beta cell mass and insulin secretory function observed in human islets following isolation and culture. This study sought to determine whether restoration of regulatory influences mediated by ductal epithelial cells promotes sustained beta cell function in vitro. Methods Human islets were isolated according to existing protocols. Ductal epithelial cells were harvested from the exocrine tissue remaining after islet isolation, expanded in monolayer culture and characterised using fluorescence immunocytochemistry. The two cell types were co-cultured under conventional static culture conditions or within a rotational cell culture system. The effect of co-culture on islet structural integrity, beta cell mass and insulin secretory capacity was observed for 10 days following isolation. Results Human islets maintained under conventional culture conditions exhibited a characteristic loss in structural integrity and functional viability as indicated by a diminution of glucose responsiveness. By contrast, co-culture of islets with ductal epithelial cells led to preserved islet morphology and sustained beta cell function, most evident in co-cultures held within the rotational cell culture system, which showed a significantly (p<0.05) greater insulin secretory response to elevated glucose compared with control islets. Similarly, insulin/protein ratio data suggested that the presence of ductal epithelial cells is beneficial for the maintenance of beta cell mass. Conclusions/interpretation The data indicate a supportive role for ductal epithelial cells in islet viability. Further characterisation of the regulatory influences may lead to novel strategies to improve long-term beta cell function both in vitro and following islet transplantation.
Introduction
The optimal isolation and pre-culture of human islets have been shown to be pertinent to successful clinical islet transplantation [1, 2] , yet both procedures also have detrimental effects. Disruption of the complex cytoarchitecture of the human islet as a consequence of isolation leads to a loss of both structural and functional integrity [3] [4] [5] , and pretransplant culture is associated with a decline in beta cell mass [6, 7] concomitant with a marked diminution in glucose sensitivity [8, 9] . The adverse events occurring within the islet during the early post-isolation period also narrow the 'window of opportunity' for their use in research and drug development. The design of strategies aimed at reducing or reversing isolation-induced islet injury, coupled to improved methodologies for pre-transplant culture, could help alleviate these problems.
Within the pancreas, inter-relationships between endocrine, non-endocrine and extracellular matrix (ECM) moieties have been shown to be vital for appropriate and sustained beta cell function, contributing to the complex microenvironment in which the islet resides [10] . This precisely controlled milieu is disturbed by islet processing, which results in the loss of many important physical, cellular and trophic signals required for beta cell differentiation, survival and function [11, 12] . Notably, detachment from the ECM has been shown to leave islets prone to fragmentation [5] and susceptible to an increased frequency of apoptotic events [13, 14] . Efforts to restore the vital associations between the endocrine and ECM compartments of the pancreas in vitro have yielded promising results, with numerous studies reporting improved beta cell viability of islets cultured in the presence of soluble components of the basement membrane or on artificial matrices [7, 10, 15] . These findings suggest a direct morphological and functional benefit from the re-establishment of cell-matrix associations within the culture environment. However, there are limitations because of the nature of the biomaterials employed. While several of the more effective substrates support longterm glucose responsiveness in vitro, the use of these materials poses technical problems for the retrieval of cells for subsequent transplantation [16] , and if co-transplanted, the poor rate of vascularisation within such artificial scaffolds would inevitably impede the flow of nutrients and metabolites within the islet graft, leading to central necrosis and cell death [17] . Thus, whilst effectual in vitro, the use of artificial matrices is at present incompatible with clinical islet transplantation and must await further development.
A more physiologically relevant and readily applicable strategy could involve restoration of the intrinsic influences exerted on islets by cells within the various exocrine compartments of the human pancreas. Surrounding acinar and ductal cells are considered to be the source of important islet growth and regulatory factors, and the loss of their influences following islet isolation and culture may result in disordered beta cell function [18, 19] . In the present investigation we sought to determine whether appropriate glucose signalling and insulin secretion could be restored in culture by re-establishing cellular interactions between islets and non-endocrine components of the human pancreas. Specifically, we aimed to re-introduce the influences exerted by pancreatic ductal epithelial cells (DECs), which are considered to be a potential source of trophic factors [19] , ECM components [20] and beta cell progenitors [21] thought to contribute to sustained graft survival following islet transplantation [22] .
The success of such an approach depends upon the use of appropriate culture models to allow the establishment of an environment in which both islets and ductal epithelia are supported. We have previously reported on the benefits of a novel rotational cell culture system (RCCS) that prolongs the post-isolation survival of islets through improved oxygenation and maintenance of islet structural integrity [8] . We have also demonstrated that the system allows the re-association of dispersed islet cells in a physiologically relevant manner. These beneficial properties of the RCCS were therefore used to create islet-DEC co-cultures using purified cell populations derived from a well-established islet isolation procedure and sub-purification protocols, with the intention of restoring appropriate cell-mediated support to islets and enhancing long term in vitro beta cell function.
Methods

Human islet isolation
Local research ethics committee approval was obtained for the studies described. Pancreatic tissue was obtained from multi-organ donors (supplied by the UK Human Tissue Bank, De Montford University, Leicester, UK). For the purpose of this study, islets and ductal tissue were obtained from six pancreases (three male, three female; age 54.3± 6.3 years). The organs were enzymatically digested under aseptic conditions and intact islets were isolated according to a previously described manual method [8, 23] . The viability of the resultant islet preparation was assessed using Trypan Blue exclusion and an islet count performed following staining with dithizone (50 µg/ml; SigmaAldrich, Poole, UK), prior to the re-suspension of the islets in Medium 199 containing 100 U/ml penicillin, 100 µg/ml streptomycin, 10 µg/ml amphotericin B (Sigma-Aldrich) supplemented with 10% FCS (First Link, Birmingham, UK). Islets were maintained in suspension under conventional static culture (CSC) conditions [8] for a period of 24 h to acclimatise.
Preparation of DEC cultures
Following isolation, the remaining exocrine fractions were examined and those that were duct-rich but islet-depleted [24, 25] were collected and washed in sterile Hanks' balanced salt solution (Sigma-Aldrich) prior to being plated into T75 flasks (Fisher Scientific, Loughborough, UK). The exocrine cultures were maintained undisturbed for 48 h at 37°C, in an atmosphere of 95% O 2 and 5% CO 2 , in Dulbecco's modified Eagle's medium supplemented with 10% FBS (Sigma-Aldrich), 100 U/ml penicillin, 100 µg/ml streptomycin, 10 µg/ml amphotericin B. Adherent tissue remaining at the time of the first medium change was allowed to expand further to form an 80% confluent monolayer over the following 48-72 h.
Immunocytochemistry
Levels of cytoskeletal and cell markers within the exocrinederived monolayers were determined using fluorescence immunocytochemistry. Monolayers were allowed to reach 80% confluence and fixed with 4% (wt/vol.) paraformaldehyde for 30 min at room temperature. Antigen-retrieval (0.3% [vol./vol.] Triton X-100) and blocking (2% [wt/vol.] Roche blocking buffer) was followed by incubation with the primary antibodies anti-human cytokeratin 19 (CK19), anti-human vimentin (1:100 dilution; Dako, Ely, UK) and anti-human insulin (1:10 dilution; AbD Serotec, Oxford, UK) for 1 h at room temperature and overnight at 4°C. Secondary antibody (1:100 dilution; goat anti-mouse IgG-FITC; Cambridge Biosciences, Cambridge, UK) was applied for 3 h at room temperature before image analysis using a Zeiss Axioskop 40 fluorescence microscope equipped with an AxioCam MRc colour camera and incorporating Axiovision imaging software (Carl Zeiss, Welwyn Garden City, UK). Controls involved omission of the relevant primary antibody.
Co-culture conditions
Islets were maintained in suspension either under CSC conditions in 90 mm culture plates (NHS Logistics, Alfreton, UK) or in the RCCS in high aspect ratio vessels (HARVs; Cellon, Bereldange, Luxembourg), as previously described [8] . To ensure cultures were plated at equal density, islets were counted, sized and converted into standard islet equivalents (IEQ) with a diameter of 150 µm [4] . For both conditions, islets were plated at a density of 500-1,000 IEQ/ml and cultures were maintained at 30°C in a humidified atmosphere of 95% O 2 , 5% CO 2 for the duration of the investigation. After 72 h, 80% confluent CK19-positive DEC monolayers were disrupted by mild enzymatic digestion (0.025% [wt/vol.] trypsin-EDTA in PBS; Sigma-Aldrich), and the resulting DEC suspension was introduced to the islet cultures (CSC and RCCS) at a density of 1×10 4 cells/ml. Control cultures (CSC and RCCS) were maintained in the absence of DECs.
Functional assessment
Static challenge studies Cultures of islets or co-cultures consisting of islets and DECs maintained either under CSC or within the RCCS, as described above, were assessed for preserved glucose responsiveness over a period of 10 days post isolation. The effect of culture condition on islet function was determined by measuring insulin release in response to a glucose challenge employing static incubation methods. Insulin release under basal conditions (1.67 mmol/l glucose in modified HEPES-buffered Hanks' balanced salt solution containing 0.2% [wt/vol.] BSA, pH 7.4, at 37°C) and after stimulation with high glucose (16.7 mmol/l) or a combination of 16.7 mmol/l glucose and 10 mmol/l theophylline (TP) was determined according to previously described methods [8, 23] . The insulin secretory capacity demonstrated by islets maintained under CSC conditions was compared with that shown by islets held within the RCCS and islets in co-culture with DECs under the two culture conditions. Their response to glucose stimulation was quantified by measurement of insulin in the incubation medium. Nutrient challenge studies were performed on the islets at 24 h post isolation, 72 h after the initiation of the cocultures (day 7 post isolation) and after an extended period of co-culture (day 10 post isolation).
Insulin and protein content
In limited studies we assessed the insulin:total protein ratios of the islet and islet-DEC cultures. For this purpose, islets and/or islets-DECs were harvested at day 4, day 7 and day 10 post isolation. Aliquots containing 200 IEQs were washed three times in PBS (pH 7.4; Sigma-Aldrich) before cell lysis in a high-salt buffer (2.15 mol/l NaCl, 0.1 mol/l NaH 2 PO 4 , 0.04 mol/l Na 2 HPO 4 1 mmol/l EDTA), which was assisted by sonication. Following centrifugation at 400 g for 3 min, the supernatant fraction was collected and stored at −80°C prior to insulin and protein determination. For completeness, samples of tissue from the initial exocrine material (pre-plating) and from the monolayers after 72 h of expansion culture were processed in a similar manner.
Insulin and protein analysis Human insulin measurements were performed using a commercially available ELISA (Mercodia kit supplied by Diagenics, Milton Keynes, UK). The assay exhibits limited (<0.01% [wt/wt]) cross-reactivity with proinsulin. Insulin secretion under stimulated conditions was calculated as the fold increase over basal release (i.e. the stimulation index [SI]), as previously described [8] . Protein content was ascertained by use of the Bradford colorimetric assay [26] .
Statistical analysis
Statistical differences between culture conditions and the various secretagogues were assessed by one-way ANOVA using islet preparations maintained under CSC conditions as the control group. A p value of less than 0.05 was considered to be statistically significant.
Results
Morphological and immunocytochemical assessment of islet and exocrine fractions post isolation
The pancreas digestion method adopted for the present study allowed the harvest of predominantly structurally intact human islets that were well cleaved from the surrounding exocrine tissue (Fig. 1a) . Post purification, islet sizes ranged from 100-500 µm in diameter; larger (>700 µm) islets were occasionally observed. Purity ranged from 70-85% immediately after isolation and mostly increased following the initial 24 h culture period.
The islet-depleted exocrine fraction was washed and plated for culture at high density in T75 flasks as previously described [21, 24] . The vast majority (>80%) of the plated material remained non-adherent at 48 h and was discarded in the first medium change. The cells emerging from the adhered tissue aggregates were mainly flattened epitheliallike cells, which appeared to form a homogeneous population (Fig. 1b, c) . Subsequent immunocytochemical analysis confirmed that approximately 95% of the cells within the monolayer were positive for the duct epithelial cell marker CK19 (Fig. 1d) . During this initial expansion phase there was only minimal (<5%) staining for the fibroblast marker vimentin (Fig. 1e) . A faint fluorescence signal was sometimes observed for insulin, but this was not consistently seen (Fig. 1f) . The CK19-positive cells demonstrated a high proliferative capacity, reaching 80% confluence 4-5 days following isolation.
Islet morphology in RCCS and co-culture with DECs: comparison with conventional culture conditions Isolated human islets maintained in the absence of DECs under CSC conditions demonstrated a characteristic gradual loss of structural integrity during the period of investigation, leading to fragmentation by day 10 after isolation (Fig. 2a) . By contrast, islets held in the RCCS for the same period of time displayed preserved morphology (Fig. 2b) . Co-culture with DECs markedly reduced fragmentation of human islets under CSC conditions, with the endocrine cells often associated with closely interspersed non-endocrine cells (Fig. 2c) . Islets and DECs in co-culture within the RCCS appeared to form aggregates with a preserved islet-like morphology (Fig. 2d) .
Functional assessment
Islet function 24 h post isolation Glucose challenge experiments performed after the initial 24 h under CSC conditions demonstrated that human islets retained normal glucose sensitivity for this period following isolation, with exposure to high (16.7 mmol/l) glucose producing a mean SI of 2.48±0.27 compared with basal release. Insulin secretion in the presence of 16.7 mmol/l glucose and 10 mmol/l theophylline elicited a mean SI of 3.21±0.29 at the same time point (Fig. 3) . Effect of culture condition on islet function at 7 days post isolation Consistent with our previous results [8] , control islets i.e. those maintained alone under CSC conditions, demonstrated a marked attenuation in glucose-stimulated insulin release (GSIR) in response to long-term culture. By contrast, co-cultures of islets and DECs produced a slight, yet significant, insulin secretory response (SI 1.33±0.11 and 1.94±0.2 for high glucose and high glucose + TP, respectively, p<0.05 vs basal release) at 7 days post isolation. Maintenance of islets within the RCCS supported beta cell function, with glucose stimulation inducing a significant insulin secretory response in these cells compared with control islets (SI 1.34±0.093 and 2.05±0.13 for high glucose and high glucose + TP, respectively, p<0.05), and co-culture of islets and DECs within the RCCS also promoted a sustained GSIR at this time point (SI 1.45±0.09 and 1.87±0.072 for high glucose and high glucose + TP, respectively, p<0.05 vs basal insulin release) (Fig. 4a) .
Effect of extended culture on islet function-10 days post isolation We considered the possibility that the important cell-cell interactions and/or cell-mediated influences within the co-cultures may require a longer period to become reestablished. In the present study we therefore extended the period of co-culture to 10 days post isolation and determined glucose responsiveness at this time point (Fig. 4b) . Control islets continued to be adversely affected by maintenance under CSC conditions, with negligible insulin secretion observed in the presence of elevated glucose, although their response to 16.7 mmol/l glucose in combination with 10 mmol/l theophylline remained at a level comparable to that observed at day 7. A similar secretory profile was observed in the islets held within the RCCS at this time point. However, whilst the beneficial influence of the RCCS per se was lost by day 10, the impact of DEC coculture on human islets persisted. Thus, islet-DEC cocultures held under CSC conditions demonstrated continued glucose-induced insulin release, and this was further enhanced in the presence of the potentiator (SI 1.48±0.1 and 1.91±0.15 for high glucose and high glucose+TP, respectively, p<0.05), while the greatest insulin secretory response was exhibited by the islets-DECs maintained within the RCCS (SI 1.71±0.27 and 2.51±0.17 for high glucose and high glucose + TP, respectively, p<0.01) (Fig. 4b) .
Insulin and protein content The heterotypic nature of the islet-DEC co-cultures precluded the use of conventional insulin/protein ratio analysis to directly compare insulin synthesis and secretory capacity under the differing culture conditions. Nevertheless, we sought to ascertain, in a limited study, the effectiveness of DEC co-culture in preserving islet cell mass during extended periods following isolation. In line with the secretion data, these results suggest that the insulin content of the islets maintained under CSC conditions declined markedly during the period of investigation, as indicated by the fall in the insulin/protein ratio (Table 1) , while those held within the RCCS exhibited sustained insulin content during the first 7 days post isolation but suffered a similar loss thereafter. In the case of the co-cultures, the insulin/protein ratio is much smaller because of the additional protein provided by the purified DEC population. Nevertheless, there is evidence of sustained insulin content between day 7 and day 10, both in the islets held in co-culture under CSC conditions and within the RCCS. The insulin/protein ratio of the unrefined exocrine digest suggests the presence of endocrine tissue, but this declined rapidly during expansion of the ductal cell monolayer, resulting in a ratio approximately 0.1% of that seen in the intact islets at the same time point (day 4) post isolation (Table 1) .
Discussion
Disassociation from important non-endocrine cellular influences is considered to underlie the loss of both islet cell mass and function immediately following isolation and during the early post-transplant period. In the present study we hypothesised that attempts to re-establish some of these critical cell-cell interactions may serve to reverse isolationinduced islet injury and thus support in vitro beta cell viability. The data obtained from the present investigation suggest that the re-introduction of pancreatic ductal epithelial cells improves human islet function, and that the rotational cell culture system provides an appropriate environment for the restoration of these important cell-cell interactions.
The presence of DECs had a beneficial effect on islet function even under static culture conditions, where beta cells retained the ability to respond to elevated glucose when control islets had lost sensitivity. While there is little opportunity for complex cellular interaction between islets and DECs within this non-dynamic culture system, the presence of large numbers of ductal cells may be sufficient to promote continued beta cell function. Although the RCCS provided a degree of support to the islets during the initial stages of the investigation, most likely by enabling preservation of islet structural integrity [8] , their separation from important non-endocrine influences reduced the longterm advantage. The combination of these two culture variables yielded the greatest response, with the islet-DEC aggregates held within the RCCS showing both preserved morphology and functional integrity for up to 10 days post isolation. It is likely that the simulated micro-gravity environment created within the RCCS [27] permits a greater degree of physiologically appropriate cell-cell contact and signalling, and as the cells are in a constant state of free-fall, the opportunity for islet exposure to soluble duct-derived trophic factors is enhanced. This isletprotecting effect of the DECs is also reflected in the insulin Values represent the mean ratio of total insulin (ng) to total protein (µg) at the time point tested. n=3 independent determinations. The lower ratios in the co-cultures represent the larger protein content of the DECs. *p<0.05 for insulin/protein ratio at day 7 or 10 compared with day 4 content analysis. Consistent with the insulin secretion data, the insulin/protein ratio demonstrates that conventional culture methods alone are unable to prevent a loss in beta cell mass and that islets held within the RCCS in the absence of non-islet cell-mediated support eventually succumb to a similar fate. By contrast, the presence of DECs under either culture condition allows the intracellular insulin content to be sustained for extended periods post isolation.
The population of ductal cells used in the present investigation has previously been described [21, 24, 28] . Thus, the expansion of cells derived from the islet-depleted exocrine fraction, which is usually discarded following isolation, has been shown to give rise to a near homogeneous population of CK19-positive epithelial cells, with minimal fibroblast contamination during the initial phase of culture [21, 25] . Although it is not possible to completely eliminate endocrine components from the initial plated material, previous studies have shown that such culture conditions are not conducive either to the adherence or prolonged survival of native islet cells [25] and that any endocrine cells that do exist become de-differentiated within 3-4 days of monolayer culture [24, 29] . In our study we found that over 90% of the cells derived from the outgrowth cultures were positive for CK19 at the time of the initiation of the islet-DEC co-cultures. Insulin-positive cells were inconsistently observed in the exocrine fractions used, and when found, made up less than 1% of the confluent monolayer. Furthermore, analysis of insulin content suggests that the monolayers could be responsible for only a minute amount of the total insulin within the cocultures. It is therefore unlikely that the improved insulin secretory response seen in the islet-DEC co-cultures during the 10 day period of the investigation was solely due to a greater initial mass of islet material.
This population of cells has been used as a precursor in the in vitro engineering of new insulin-secreting cells, with various methods being devised for their expansion and differentiation to an endocrine phenotype. Most involve the use of serum-free, growth factor-supplemented media and the reorganisation of the cells into three-dimensional, matrix-supported structures [21, 24, 30] . It was not the aim of the present study to encourage the production of new beta cells, and no attempt was made to alter the phenotype of the duct epithelial cells prior to the inoculation of the islet cultures. Also, to our knowledge, there are no data to support the spontaneous, ex vivo differentiation of exocrine cells to an endocrine phenotype when placed either in contact with native islet cells or within the RCCS. However, we observed no increase in insulin production within the DECs per se when they were held alone either under conventional static culture conditions or within the RCCS (data not shown). Thus, we propose that as our coculture model was not designed to promote beta cell neogenesis arising from ductal precursors, this was not a major contributing factor underlying the improved function of the islets during extended periods of isolation.
The precise mechanism by which the DECs exert beta cell protective influences is the subject of ongoing studies, but the literature provides us with a rationale for the present findings. The role played by the DEC in our study is akin to the regulatory one it performs in the normal pancreas, where the relationship between the ductal and endocrine pancreatic components begins in embryonic development with the budding of the primordial ductal epithelium and the emergence of primitive islets [31, 32] . The phenotypic maturation and differentiation of these cellular aggregates requires signals supplied by adjacent cells, which take the form of soluble, trophic factors released in a paracrine fashion [33, 34] . This cellular inter-relationship is conserved in adulthood; maintenance of beta cell mass and remodelling occurs due to constant, yet limited, islet neogenesis [35] , again under the influence of soluble factors derived from the ductal epithelium [34, 36, 37] . Although, to date, most of the supporting evidence for this concept has been derived from animal (mainly rodent) studies, the results of the present investigation suggest that similar regulatory and/or trophic influences, exerted by the ductal epithelia, may be crucial for appropriate and sustained human beta cell function. Soluble mediators such as IGF-1 and -2 and the epidermal growth factor (EGF) family have been implicated in beta cell survival and replication [38] [39] [40] [41] , and ductal epithelial cells may provide an additional source of these regulatory hormones in the post-isolation environment [41] . Additionally, components of the ECM are vital for appropriate pancreatic development, and several integrin receptors and their associated ligands, including laminin, fibronectin and collagen I, are produced in ductal cells [41] [42] [43] . Whether the actions of one or several of these factors underlie the improved beta cell function in our co-culture models will thus form the basis of future research.
The results of recent clinical trials in islet transplantation suggest that improved graft survival correlates, to an extent, with the presence of unprocessed exocrine material inadvertently co-transplanted with human islet cells [22] . This material may provide a pool of progenitor cells with the capacity to differentiate to insulin-secreting cells and thus increase the functional beta cell mass. It is also possible that a component of the exocrine fraction additionally serves as a source of regulatory factors that the isolated islet requires for sustained and appropriate function. Although re-introducing unrefined pancreatic tissue to the purified islet pool is not expedient, we envisage that, on the basis of this study, it may be possible to identify, further purify and expand a subpopulation of pancreatic cells that are able to provide trophic support to existing beta cells. We propose that these cells could serve as cellular chaperones to isolated human islets in culture, helping to reverse isolation-induced islet injury and extend the period of time over which islets could be used for biomedical and pharmaceutical research. Furthermore, in time, clinically relevant constructs comprising beta cells and DECs may be designed in which discrete yet vital cellular interactions are preserved to ensure longer term graft survival.
